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HRONIC STRESS-INDUCED HIPPOCAMPAL DENDRITIC RETRACTION

EQUIRES CA3 NMDA RECEPTORS
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bstract—Chronic stress induces dendritic retraction in the
ippocampal CA3 subregion, but the mechanisms responsi-
le for this retraction and its impact on neural circuitry are
ot well understood. To determine the role of NMDA (N-
ethyl-D-aspartic acid) receptor (NMDAR)-mediated signal-

ng in this process, we compared the effects of chronic im-
obilization stress (CIS) on hippocampal dendritic morphol-
gy, hypothalamic-pituitary-adrenal (HPA) axis activation,
nd anxiety-related and hippocampus-dependent behaviors,
n transgenic male mice in which the NMDAR had been se-
ectively deleted in CA3 pyramidal cells and in non-mutant
ittermates. We found that CIS exposure for 10 consecutive
ays in non-mutant mice effectively induces HPA axis acti-
ation and dendritic retraction of CA3 short-shaft pyramidal
eurons, but not CA3 long-shaft pyramidal neurons, suggest-

ng a differential cellular stress response in this region. Den-
ritic reorganization of short-shaft neurons occurred throughout
he longitudinal axis of the hippocampus and, in particular, in
he ventral pole of this structure. We also observed a robust
etraction of dendrites in dorsal CA1 pyramidal neurons in
he non-mutant C57BL/6 mouse strain. Strikingly, chronic
tress-induced dendritic retraction was not evident in any of
he neurons in either CA3 or CA1 in the mutant mice that had

functional lack of NMDARs restricted to CA3 pyramidal
eurons. Interestingly, the prevention of dendritic retraction

n the mutant mice had a minimal effect on HPA axis activa-
ion and behavioral alterations that were induced by chronic
tress. These data support a role for NMDAR-dependent glu-
amatergic signaling in CA3 in the cell-type specific induction
f dendritic retraction in two hippocampal subregions follow-

ng chronic stress. Published by Elsevier Ltd on behalf of
BRO.

ey words: HPA axis, CA3, NMDA receptor, chronic stress,
endritic retraction, Golgi staining.

hronic stress leads to the development of a number of
eural changes that may precipitate the onset of psychiat-
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ic disorders. It is therefore important to identify the causal
echanisms that mediate the stress response in order to
evelop effective clinical intervention strategies. One neu-
al region that may contribute to shaping the brain’s re-
ponse to chronic stress is the hippocampus, due to the
rofound structural changes observed in this region and
he direct and indirect anatomical connections to the hy-
othalamic-pituitary axis (HPA). Although not uniquely so,
he CA3 subregion of the hippocampus is extremely vul-
erable to the effects of long-term stress, as evidenced by
robust stress-induced decrease in complexity and retrac-

ion of dendrites (Woolley et al., 1990; Watanabe et al.,
992b).

Regarding the cellular and molecular mechanisms un-
erlying structural remodeling in the hippocampus, the role
f adrenal steroids appears to be most crucial (McEwen,
999). In 1990, McEwen and colleagues made the seminal
bservation that repeated corticosterone administration in-
uces retraction of apical dendrites in the CA3 subregion
f the hippocampus in adult male rats (Woolley et al.,
990). Subsequently, attenuated corticosterone secretion
y the steroid synthesis blocker cyanoketone was shown
o prevent stress-induced CA3 dendritic retraction (Magar-
ños and McEwen, 1995). Other key neurochemical sys-
ems responsible for structural remodeling in the hip-
ocampus may include glutamate release and NMDA (N-
ethyl-D-aspartic acid) receptors (NMDARs), calcium

hannels, the serotonin system, GABA receptors, and opi-
ids (McEwen, 1999). For instance, phenytoin, an antiepi-

eptic that interferes with glutamate release and its action,
revents stress-induced CA3 dendritic retraction (Wa-
anabe et al., 1992a; Magariños et al., 1996). These data
re consistent with reports showing enhanced glutamate
elease in response to restraint or immobilization stress
Gilad et al., 1990; Lowy et al., 1993). Increased glutamate
ppears to act on NMDARs, but not AMPA receptors, to
rigger stress-related morphological changes since the
ompetitive NMDAR antagonist CGP43487, but not the
MPA receptor antagonist NBQX (2,3-dihydroxy-6-nitro-
-sulfamoyl-benzo[f]quinoxaline-2,3-dione), blocks stress-

nduced dendritic remodeling in CA3c (Magariños and
cEwen, 1995). In light of the potential excitotoxic action
f NMDARs in response to excess glutamate release
Tapia, 1996), a possible mechanism of CA3 dendritic
etraction could be due to glutamatergic excitotoxicity. In
articular, McEwen suggests that glutamate release from
ossy fiber terminals plays a key role in the remodeling of

he CA3 region (McEwen, 2007). Indeed, chronic stress
esults in the depletion of synaptic vesicles from mossy

ber terminals, suggesting an increase in glutamate re-

mailto:nakazawk@mail.nih.gov
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ease from mossy fibers (Magariños et al., 1997). How-
ver, this idea cannot fully explain the involvement of
MDARs in CA3 dendritic remodeling, because NMDARs
re almost absent in the stratum lucidum terminal zone in
A3, the predominant site of mossy fiber projections (Wa-

anabe et al., 1998). Although an earlier study showed that
competitive NMDAR antagonist CGP43487 was effective

n preventing CA3 dendritic remodeling (Magariños and
cEwen, 1995) the use of systemic injections failed to
rovide any information on region or synapse specificity in

erms of the mechanisms underlying this cellular response
o chronic stress.

Based on anatomical evidence showing comparatively
igh expression levels of postsynaptic NMDARs, two ob-
ious candidate synapses for mediating a glutamatergic
nfluence on stress-induced changes in morphology are
he commissural/associational fiber synapse and the stra-
um lacunosum-moleculare synapse in CA3 pyramidal
eurons. To assess the role of NMDARs at these CA3
ynapses, we utilized a transgenic line of mice in which the
R1 subunit (Grin1) of this receptor is ablated in CA3

CA3-NR1-KO mice, hereafter referred to as mutant) after
dolescence (Nakazawa et al., 2002). NR1 is a requisite
ubunit of the operational NMDAR and therefore selective
blation is functionally equivalent to eliminating the recep-
or itself. One of the distinct advantages of this genetic
odel is that functional elimination of the NMDAR extends

hroughout the dorsal-ventral axis of the hippocampus. We
ssessed hippocampal dendritic morphology following
hronic immobilization stress (CIS) for 10 days, adopting a
rotocol that had been shown to be sufficient to induce
A3 dendritic retraction in rats and show an NMDA-de-
endent dendritic atrophy in hippocampal neurons. Using
different cohort of animals, we further conducted tests of
ippocampus-dependent behavior and report a dissocia-
ion between structural and behavioral modifications fol-
owing chronic stress.

EXPERIMENTAL PROCEDURES

nimals

ransgenic mice with selective post-adolescent ablation of the
R1 (Grin1) subunit of the NMDAR in CA3 pyramidal neurons
ere generated as previously described (Fig. 1A, B) (CA3-NR1
nockout mice or simply mutant) (Nakazawa et al., 2002). Male
ice between 18 and 24 weeks of age were used for all experi-
ents and their homozygously floxed-NR1 male littermates

erved as controls (Control). Three separate cohorts of mice were
sed in the experiments described. In each cohort, mice of each
enotype (mutant and non-mutant) were randomly assigned to
ither a stress or nonstress group. Mice that underwent chronic
tress were housed in divided cages (two mice per cage). Non-
tressed mice were group-housed (2–4 mice per cage). All mice
ere housed in a temperature and humidity-controlled vivarium on
12 h light-dark cycle and given ad libitum access to food and
ater. All experiments were carried out in accordance with the
uide for the Care and Use of Laboratory Animals, and were

pproved by the NIMH Animal Care and Use Committee. C
n situ hybridization

resh-frozen parasagittal sections (14 �m-thick) were hybridized
ith 33P-labeled cRNA probe derived from an AvrII-SphI antisense
NA fragment of rat NR1 cDNA containing from exon 13 to exon
6, as previously described (Nakazawa et al., 2002).

tress induction

tressed mice were immobilized for 2 h per day for 10 consecutive
ays in rodent restraint bags (Vyas et al., 2002) (Braintree Scien-
ific, Inc., Braintree, MA, USA). Nonstressed mice remained in
heir home cages undisturbed except to be weighed. Mice were
eighed on days 1 and 11 of the experiment. Blood samples were
btained through tail nicks on days 1 and 10 both before and after
he stress session. All samples were collected between 10–2 PM

o control for circadian variation in hormonal levels. Samples were
entrifuged at 5,000 rpm for 5 min to extract plasma which was
hen stored at �80 °C for subsequent analysis with a corticoste-
one ELISA kit (Assay Designs Inc., Ann Arbor, MI, USA). At the
ime of perfusion, adrenal glands were bilaterally dissected and
he mean wet weight per animal was obtained.

istology and dendritic analysis

rains were prepared for analysis by following a modified Golgi-
ox protocol (Glaser and Van der Loos, 1981). Briefly, mice were

ntracardially perfused with a 0.8% NaCl/EGTA solution 24 h after
he last day of stress exposure (day 11 for nonstressed controls).
aline-perfused brains were immersed in Golgi solution for 11
ays, dehydrated, immersed in 4% then 8% celloidin for 5 days
ach, embedded in 8% celloidin overnight and cut at 150 �m.

Neurons were selected from three brain regions—dorsal
A1, dorsal CA3, and ventral CA3. For purposes of analyzing
ifferences between poles of the longitudinal axis, neurons in the

ig. 1. In situ hybridization of the NR1 subunit mRNA of the NMDA
eceptors in 22 wk old male mice. Parasagittal brain sections with
nlarged inserts of the hippocampus in control (A) and mutant (B)
ice. Arrowheads indicate scattered hybridization signals that are

ikely derived from CA3 interneurons. Scale bar, 100 �m; scale bar in
nset, 25 �m.
A3 region were classified as dorsal or ventral if the neuron was
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ocated in the dorsal 40% or ventral 40% of the hippocampus as
llustrated in Fig. 3A. In CA3, long-shaft and short-shaft neurons
ere analyzed separately and identified according to morpholog-

cal features as previously described (Fitch et al., 1989). Long-
haft neurons have longer primary dendritic shafts, relatively less
ranching, less extensive radial arborization of dendrites, and a
maller number of thorny excrescences (Fig. 3B–D). In total,
eurons were classified into five groups: CA1, CA3 Short-shaft
orsal, CA3 Long-shaft Dorsal, CA3 Short-shaft Ventral, and CA3
ong-shaft Ventral. A minimum of four and maximum of six pyra-
idal neurons from each group were selected for analysis from
ach animal. Data were averaged to derive a single mean value
or each neuronal type in each animal. A total of five animals were
sed for each experimental group. Only relatively isolated neurons
ith completely stained and intact dendritic arbors from the middle

hird of the section were selected for analysis. Neurons were
rawn at 400–600� and morphology was quantified in three
imensions using a computer-based neuron tracing system (Neu-
olucida, MBF Bioscience, Inc., Williston, VT, USA).

For statistical analysis, individual analyses of apical and basal
endritic features were averaged to obtain a mean measurement
er animal. This animal mean was used to obtain a group mean
or each neuronal type. For CA3, three-way ANOVAs were used to
valuate means across region (Dorsal vs. Ventral), treatment
Stress vs. Nonstress), and genotype (Mutant vs. Control) for
endritic branch length and number. Two-way ANOVAs were
sed to evaluate CA1 morphological data. When appropriate,
ignificant F-tests were further evaluated with Bonferroni post hoc
omparisons. An � level of .05 was considered significant. Data
re presented as mean�SEM.

levated plus maze

he elevated plus maze (Mikes Machine Co., Attleboro, MA, USA)
onsisted of two open arms (30�5 cm2) with 3 mm high ledges
nd two closed arms (30�5 cm2) with 16 cm-high opaque walls
nd a central square (5�5 cm2). Mice were allowed to explore the
aze for 5 min while movement parameters (e.g. animal location,

peed, distance traveled, etc.) were detected through an auto-
ated video tracking software system (ANY-maze; Stoelting Co.,
ood Dale, IL, USA).

pen field

ice were placed in a novel open field (54�80 cm2) for 30 min to
easure exploratory behavior and locomotion. Automatic tracking
f animals’ behavior was performed with a video-integrated be-
avioral testing software application (ANY-maze).

patial short-term memory in Y maze

ice were trained in a spatial short-term memory version of the
-maze task. The maze consists of three equidistant arms (40
m). During a 10-min habituation trial, mice were placed at the end
f a start arm (pseudo-randomly selected and counterbalanced
etween animals) and allowed to freely explore two arms of the
aze. The third arm, the “novel” arm, was inaccessible due to an
paque barrier. After a 5-min intertrial interval, mice were returned
o the maze and placed in the same start arm as in the previous
rial but had free access to all three arms. Preference for the novel
s. familiar arm was calculated as a ratio based on time spent in
ach arm. Data were collected with the aid of video tracking
oftware (ANY-maze).

ear conditioning

ear conditioning training and testing were conducted as de-
cribed previously (Cravens et al., 2006). Briefly, mice were

laced in a conditioning chamber consisting of distinct visual cues e
nd a grid floor to deliver scrambled footshocks. Training con-
isted of two footshocks (0.8 mA, 2 s) with an interstimulus interval
f 1 min preceded by and coterminating with a 30 s tone (80 dB,
kHz). Twenty-four h later, the context-specificity of the condi-

ioned fear memory, as measured by behavioral freezing, was
ssessed. First, the mice were returned to the chamber used
uring training for 6 min in the absence of any tone or shock
timuli. Three h later, the animals were placed in a novel context
n which the training tone was presented after 3 min. Differences
n freezing levels during the first 3 min in the two testing environ-

ents reflected the level of contextually modulated fear memory.

RESULTS

R1 subunit selectively ablated from CA3 pyramidal
eurons in mutant mice

e first confirmed that NR1 deletion is selectively targeted
o CA3 pyramidal neurons in mutants at 22 weeks of age
hen all the experiments were conducted using in situ
ybridization (Fig. 1A, B).

mmobilization stress induces changes in plasma
orticosterone level, body and adrenal weights

o verify that our protocol elicited a robust stress response
n mice at 18–24 weeks old, we measured weight changes
f whole body and adrenal gland and plasma corticoste-
one levels before and after chronic stress. Stressed ani-
als lost weight over the course of the CIS treatment

egardless of genotype (treatment: F(1,27)�57.0; P�.001;
enotype: F(1,27)�.64, P�.05) (Fig. 2A) but mean weight
f mutant and control mice did not differ in either treat-
ent condition at the end of the 10 day experimental
eriod (Nonstress condition: Mutant�34.6�0.3 g; Con-

rol�31.9�2.3 g; Stress condition: Mutant�28.0�1.2 g;
ontrol�27.7�1.0 g). Adrenal weight was significantly in-
reased in the Stress compared to Nonstress groups re-
ardless of genotype (treatment: F(1,27)�44.61; P�.001;
enotype: F(1,27)�0.47; P�.05) (Fig. 2B). There was a
ignificant increase in blood plasma corticosterone levels
ollowing stress induction on day 1 as revealed by a sig-
ificant main effect of time of blood collection with respect
o stress induction [Pre (before stress) vs. Post (after
tress), F(1,56)�52.99; P�.001]. Furthermore, on day 10
oth genotypes still showed a substantial post-stress in-
rease in corticosterone levels compared to pre-stress
easurements (P�.05 for Mutant, P�.05 for Control, Fig.
C). These results suggested that our CIS paradigm acti-
ates the HPA axis as evidenced by the physiological

nduction of chronic stress effects. Interestingly, deletion of
A3 NMDARs had no impact on these measures, which is
onsistent with a report showing HPA activity does not
ecessarily depend on hippocampal activity (Tuvnes et al.,
003).

IS induces NMDAR-dependent retraction of
yramidal cell dendrites in dorsal CA3, ventral CA3
nd CA1

A3 pyramidal neurons fall into two major categories
argely based on the morphology of apical dendrites (Fitch

t al., 1989). Short-shaft neurons are characterized by
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elatively compact apical shafts, a large number of thorny
xcrescences, and densely branched apical and basilar
rees. Long-shaft neurons are characterized by a compar-
tively elongated primary apical shaft, a small number of
horny excrescences and relatively less dendritic branch-
ng in both the apical and basilar trees (Fig. 3B, D). To
etermine whether stress-induced remodeling of dendrites
equires functional NMDARs, we first analyzed the mor-
hology of apical and basal dendrites of short-shaft and

ong-shaft pyramidal neurons from two regions spanning
he longitudinal axis of CA3 (Fig. 3A and Table 1). We
onfirmed in control mice that a significant reduction in
endritic material was observed in the apical dendrites of
hort-shaft pyramidal neurons in both dorsal and ventral
egions of CA3 (Fig. 4). One-way ANOVAs on the data
rom dorsal CA3 region revealed a significant decrease in
ranch length (F(1,10)�12.3; P�.01) (Fig. 4A). In the ven-

ig. 2. Physiological effects of chronic immobilization stress (CIS). (A)
ignificant weight loss over the 10 d treatment period was observed in

he Stress groups of both genotypes. (B) Adrenal hypertrophy was
lso observed in Stress Control and Stress Mutant mice. All stress
ffects were significant in both CA3-NR1-KO and control mice. No
ignificant differences were observed in any physiological indicator of
hronic stress between genotypes. (C) Plasma corticosterone levels
ncreased after CIS on both Day 1 and Day 10. * P�.05; mean�SEM.
ral CA3 region, not only branch length but also branch t
umber of the short-shaft neurons were substantially de-
reased in the stressed control group (length: F(1,10)�11.3;
�.01; branch number: F(1,10)�14.6; P�.01) (Fig. 4B).
hese results suggest a comparatively enhanced impact of
hronic stress on the ventral CA3 region compared to the
orsal CA3 region. In contrast, mutant mice did not exhibit
ny significant reduction in either apical branch length or
umber of short-shaft neurons in either dorsal or ventral
A3 (Fig. 4: Dorsal: branch length, F(1,10)�.15, P�.7;
ranch number F(1,10)�.95, P�.35; Ventral: branch

ength, F(1,10)�.42, P�.52; branch number F(1,10)�
.22, P�.29). These results clearly suggest that NMDAR
unction is necessary for stress-induced dendritic retrac-
ion of short-shaft neurons in area CA3.

Interestingly, the stress-induced atrophy of CA3 long-
haft neurons was much less pronounced than that of
hort-shaft neurons. Two-way ANOVAs of apical branch

ength or branch number in long-shaft neurons did not
eveal any significant impact of CIS in either control or
utant mice (Fig. 5). However, we found a significant
ifference in apical branch number of dorsal neurons, al-
hough not length, when we compared mutant and non-
utant mice in the nonstress condition (one way ANOVA;
orsal branch number (F(1,10)�5.4, P�.05). It is not clear
hether this difference reflects a stress-independent com-
ensation in the mutant animals wherein the long-shaft
eurons undergo morphological changes in response to
he lack of NMDARs or whether the chronic mild stress of
aboratory housing induces long-shaft neuron-specific re-
raction of dendrites which would suggest that these neu-
ons are more, not less, sensitive to stress.

Strikingly, we observed significant alterations in the
pical dendrites of CA1 pyramidal neurons in Control mice
ollowing CIS (Fig. 6), which was totally absent in the
A3-NR1-KO mutant mice. Two-way ANOVA revealed a
ignificant interaction between genotype and treatment in
otal length (F(1,20)�11.5; P�.01) and branch number
F(1,20)�18.4; P�.001) of apical dendrites. Post-hoc tests
dentified a significant difference between the stress con-
rol group and all other groups (stress mutant, nonstress
ontrol and nonstress mutant; P�.05). Lack of CA1 remod-
ling in the mutant mice indicated that CA1 dendritic re-
raction is regulated by NMDARs in the upstream CA3
egion, suggesting the feedforward effect of CA3 dendritic
emodeling on the CA1 subregion of the hippocampus.

tress-induced dendritic remodeling in the
ippocampus is independent of stress-induced
nxiety and hyperlocomotion

o determine the effect of stress-induced hippocampal
endritic remodeling on behavior, we subjected the mutant
nd control mice to several tests beginning one day after
he cessation of CIS application. Chronically stressed
ice, regardless of genotype, showed a decrease in the
mount of time spent in the open arms of the elevated plus
aze (Fig. 7A), suggesting anxiety-like behavior. Two way
NOVA revealed a significant main effect of treatment

F(1,53)�13.8; P�.001) but no difference between geno-

ypes or interaction between treatment and genotype. In
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ddition, overall distance traveled during the 5 min test
as significantly higher in the stress vs. nonstress groups

main effect of treatment�(F(1,53)�8.5; P�01)), sugges-
ing hyperlocomotion after CIS regardless of the geno-
ypes. Similarly, we observed a stress-induced hyperloco-
otion in the open field test (Fig. 7B). Two way ANOVA on

he total distance measure revealed a significant main
ffect of stress treatment (F(1,30)�32.2, P�.001) but no
ifference between genotypes or interaction between
reatment and genotype.

hronic stress enhances detection of spatial novelty
ndependently of morphological changes to the
ippocampus

o determine stress-induced changes in short-term spatial
emory, we exposed mutant and control mice to a Y maze

ask before and after CIS induction. A long-standing de-
ate continues as to whether stress-induced CA3 dendritic
etraction is detrimental or compensatory in the net effect
n hippocampal function (see Discussion). In this study,
e attempted to identify the role of CA3 dendritic retraction

n the spatial memory. If retraction is compensatory, mu-
ants would show impaired performance in hippocampal

ig. 3. CIS induces atrophy of apical dendrites in short-shaft CA3 pyra
entral (gray shading) poles of the hippocampus. (B) Picture of Golgi-
A3 pyramidal neurons. Arrowheads indicate relative difference in len

o see detail. (C, D) Representative reconstructions of short-shaft (C) a
nd Stressed (bottom row) mice. Within each panel, representative tra
re shown on the right.
ependent behavior following CIS. To test this hypothesis, a
e used a spatial short term memory task with a short test
nterval of 5 min because non-mutant mice would be ex-
ected to show intact performance and memory formation
espite being exposed to CIS (Bellani et al., 2006). Two
ay ANOVA revealed a statistically significant increase in
patial memory performance for both genotypes as indi-
ated by a main effect of time of testing (pre-stress vs.
ost-stress; F(1,27)�4.46, P�.05) (Fig. 8A). These data

ndicate that spatial short-term memory is enhanced fol-
owing CIS treatment in the control mice as expected, but
he mutants are capable of performing at the same level
espite the lack of stress-induced dendritic remodeling. An

mportant caveat is that the mutant mice may be perform-
ng close to ceiling level prior to stress induction which
ould obscure any further stress-related enhancement.

xpression of contextual fear discrimination is not
ffected by CIS

inally, to evaluate the effect of dendritic remodeling in
nother hippocampal dependent learning task, we sub-

ected the mice to a contextual discrimination fear condi-
ioning protocol. Performance of this task was normal on
aive mutants (Cravens et al., 2006). Mutant mice showed

urons. (A) Neurons were sampled from the dorsal (black shading) and
ed short-shaft (single arrowhead) and long-shaft (double arrowhead)

imary dendritic shaft. Image captured at 20� resolution and enlarged
shaft (D) from the dorsal and ventral regions in Nonstressed (top row)
m Mutant mice are shown on the left and tracings from Control mice
midal ne
Cox stain
gth of pr
nd long-
slower rate of acquisition in fear conditioning compared
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o the CIS-treated controls following CIS, as evidenced by
ignificantly less freezing during the final minute of the
raining session (Fig. 8B). Repeated measures ANOVA
evealed a significant main effect of trial minute
F(1,40)�21.3; P�.0001) and a significant interaction be-
ween genotype and trial minute (F(1,40)�2.9; P�.05).
owever, both mutant and control mice subjected to
hronic stress prior to fear conditioning were able to dis-
inguish between the training and a novel context when
ested for conditioned freezing responses 24 h later (Fig.
B). Two-way ANOVA showed a significant main effect for
ontext (F(1,20)�5.6; P�.05) but no significant differences
etween genotypes or in the interaction between genotype
nd context. These results suggest that hippocampal den-
ritic remodeling as a consequence of CA3 NMDAR dele-
ion has little impact on the stress-induced behavioral out-
ome.

DISCUSSION

ur results provide the first analysis, to our knowledge, of
tress-induced morphological changes throughout the en-
ire longitudinal axis of CA3. We observed that CIS was
ufficient to reduce complexity and induce retraction of
hort-shaft apical dendrites in both dorsal and ventral CA3

able 1. Summary data of branch lengths and numbers

A1

xperimental group Apical dendritic length Apica

ontrol nonstress 1035.57�51.64 31.62
ontrol stress 775.18�22.26* 22.90
utant nonstress 995.55�26.89 25.30
utant stress 1081.51�80.83 31.68
A3 short shaft
Dorsal:

Control nonstress 1086.91�72.08 27.64
Control stress 776.19�51.26* 22.83
Mutant nonstress 1123.85�108.68 31.20
Mutant stress 1175.84�72.90 27.24

Ventral:
Control nonstress 794.71�87.17 23.70
Control stress 492.52�21.76* 17.40
Mutant nonstress 877.57�59.50 26.64
Mutant stress 826.78�50.42 24.73

A3 long shaft
Dorsal:

Control nonstress 770.21�90.75 18.62
Control stress 634.96�69.11 15.88
Mutant nonstress 869.29�41.57 23.17
Mutant stress 935.22�83.13 22.25

Ventral:
Control nonstress 486.33�43.80 15.05
Control stress 379.14�58.09 11.79
Mutant nonstress 559.74�60.50 16.35
Mutant stress 632.62�50.75 15.90

Summary data of branch length and number for each experimenta
utant stress). Data are further subdivided by anatomical location

short-shaft, long-shaft). For control mice, values that denote a signifi
egions of non-mutant mice. Many laboratories have re- l
orted structural changes in dorsal CA3 as a neural con-
equence of chronic stress (Watanabe et al., 1992b; Ma-
ariños et al., 1996; McEwen and Magariños, 1997; Lam-
ert et al., 1998; Vyas et al., 2002; McLaughlin et al.,
009), but we have also now demonstrated robust den-
ritic remodeling in the ventral CA3 region. Although den-
ritic retraction occurred throughout the CA3 region, sub-
ypes of pyramidal neurons were not affected equally.
pecifically, we found that apical dendrites of CA3 long-
haft neurons in the non-mutant mice were more resilient
o the effects of chronic stress. We predict that this resil-
ence is due to differences in the input to long-shaft and
hort-shaft neurons with the preponderance of mossy fiber
ynapses impinging on the proximal dendrites of short-
haft neurons (Fig. 9). However, it is conceivable that
on-mutant long-shaft neurons are actually more vulnera-
le to stress, including the chronic mild stressors arising
rom laboratory breeding and housing, since there is evi-
ence of less apical branching in non-mutant than mutant
ice even without the induction of CIS (Fig. 5B). However,

his difference in baseline measures of dendritic branching
ould be plausibly be explained by morphological conse-
uences of the conditional knockout of the NMDARs.

Despite this tendency toward more branching and

points Basal dendritic length Basal branch points

770.30�54.61 24.55�0.98
825.09�105.44 27.73�1.97
828.14�105.96 26.94�1.67
843.59�60.12 27.30�1.55

898.95�132.95 25.38�2.59
967.02�72.93 26.99�1.74

1068.98�117.79 29.01�2.67
1145.53�140.16 30.89�2.66

800.10�70.06 22.61�1.34
656.83�94.29 21.85�2.00
769.19�61.45 23.08�0.97
867.25�76.67 23.13�1.26

n�5) analyzed (control nonstress, control stress, mutant nonstress,
rsal, CA3 Ventral, and CA1) and within CA3, by neuronal subtype
ease following CIS are marked with an asterisk (P�.05).
l branch

�1.95
�1.26*
�0.70
�2.55

�1.03
�2.67
�2.31
�2.04

�1.12
�1.12*
�1.72
�2.65

�1.67
�1.33
�0.75
�2.10

�1.42
�1.08
�1.63
�0.52

l group (
(CA3 Do
onger dendrites in long-shaft neurons prior to stress, mu-
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ant mice were not subject to dendritic retraction in either
ype of CA3 neuron in which the NMDAR had been func-
ionally ablated. This result demonstrates a cell-autono-
ous dependence on NMDAR-mediated processes in the

nduction of atrophy in this stress-sensitive region of the
rain. To examine potential non-cell autonomous effects in
ownstream regions, we analyzed dendritic characteristics

n the CA1 region and found a significant reduction in
pical branch number and length in stressed, non-mutant
ice. Again, mutant mice failed to show CIS-induced den-
ritic retraction in this region of the hippocampus, suggest-

ng that NMDARs in CA3 are critical for stress-induced
orphological effects in CA1. Surprisingly, we observed
o demonstrable impact of the mutants’ resistance to den-
ritic retraction on several behavioral tasks following CIS,
uggesting some degree of dissociation between behav-
oral and cellular consequences of chronic stress.

otential mechanisms of NMDAR-dependent
endritic retraction in area CA3 and CA1

utative mechanisms underlying stress-induced CA3 atro-
hy include glucocorticoid-triggered signaling cascades
nd activity-dependent glutamate release (Conrad et al.,
996; Smith, 1996; McEwen et al., 2002). With respect to
he data presented here, it is unlikely that glucocorticoid
eceptors are downregulated in NMDAR-deleted CA3 py-

ig. 4. Overall dendritic length (A) of neurons in both dorsal and
entral CA3 regions of Stress Control mice (n�5) was significantly
educed. Branch number (B) was significantly decreased only in the
entral region of Stress Control mice. Neither parameter was signifi-
antly altered in pyramidal neurons of Stress Mutant mice (n�5) in any
egion of the hippocampus. * P�.05; mean�SEM.
amidal cells since activation of NMDARs appears to de-
l
b

rease glucocorticoid mRNA in the hippocampus (Tritos et
l., 1999). On the other hand, phenytoin, an anti-epileptic
gent that is known to interfere with glutamate release
Skerritt and Johnston, 1983), prevents stress-induced
A3 dendritic retraction (Watanabe et al., 1992a; Magar-

ños et al., 1996), suggesting that chronic stress-induced
lutamate release is essential for CA3 dendritic remodel-

ng. Our genetic manipulation, which results in functional
limination of CA3 NMDARs, likely decreases activity in
his region. Indeed, in vivo unit recording from the CA3
egion of the same mutants used in this study reveals a
ramatic reduction in CA3 pyramidal cell firing (Jinde et al.,
009). This reduction in CA3 firing frequency may result in
iminished glutamate release within the CA3 recurrent
etwork and may be the critical factor in the prevention of
A3 dendritic retraction in the mutants (Fig. 9). Accord-

ngly, we predict that stress-induced over-stimulation of
A3 NMDA receptors is responsible for eliciting hippocam-
al dendritic retraction. NMDARs at the commissural/as-
ociational fiber synapses may play a preferential role in
A3 dendritic remodeling because these synapses com-
rise approximately 75% of CA3 synapses and are the
asis of the extensive recurrent network (MacVicar and
udek, 1980). However we cannot exclude the contribu-

ig. 5. Long-shaft apical dendrites in CA3 are resistant to chronic
tress. CIS did not induce a significant reduction in either overall
endritic length (A) or branch number (B) in either region of the
ippocampus regardless of genotype. Two-way ANOVA revealed a
ain effect of genotype regardless of treatment but analysis of geno-

ypic differences in the Nonstress groups showed a significant base-

ine difference between Control (n�5) and Mutant (n�5) only in dorsal
ranch number (bottom graph). * P�.05; mean�SEM.
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ion of secondary factors or mechanisms which are also
nown to be NMDAR-dependent, such as brain-derived
eurotrophic factor and serotonin (Vaidya et al., 1999;
oca et al., 2007).

Additional evidence in support of this model is derived
rom the differential effect on short-shaft and long-shaft

ig. 6. Genetic ablation of NR1 in CA3 pyramidal neurons modu-
ates stress response in CA1. Both total length (A) and branch
umber (B) of apical dendrites were significantly decreased in CA1
yramidal neurons in Control mice (n�5) subjected to CIS. Mutant
ice (n�5) showed no significant stress-induced retraction. * P�.05;
ean�SEM.

ig. 7. CIS-induced hyperlocomotion and anxiety. (A) Chronically stre
ere more active overall as reflected in the total distance traveled (botto

enter stay time in either genotype (top row). Both mutant and control mice s
bottom row). * P�.05; mean�SEM.
eurons in non-mutant mice. This result reflects the cellu-
ar and physiological heterogeneity of the CA3 region,
hich is rarely discussed in terms of the contributions of

his subregion to hippocampal processing. Indeed, aside
rom the initial report that categorized CA3 neurons based
n morphology (Fitch et al., 1989), very little is known
bout the differences between these subtypes in terms of
lectrophysiological response properties or signaling effi-
acy. There is a modest positional effect such that short-
haft neurons are predominantly found in the superficial
alf of the pyramidal layer and conversely, long-shaft neu-
ons are mostly found in the lower half of the layer. But the
ominant discriminating feature is the length and arboriza-
ion pattern of the apical dendrites. Long-shaft neurons
ave minimally extensive branching in the orthogonal
lane. Short-shaft neurons are stouter with dendritic arbors
xtending in a more concentric manner. However, another
eadily observable feature of short-shaft neurons is the
bundance of thorny excrescences, which are the signa-
ure of glutamatergic mossy fiber input from dentate gran-
le neurons. If dendritic remodeling is due to excessive
lutamatergic release in affected neurons, then short-shaft
eurons would be more susceptible to the excitatory input
rriving from mossy fiber afferents. Our model illustrates
ow invariant input from the dentate gyrus can lead to a
ell-selective impact on CA3 pyramidal neurons (Fig. 9).

MDAR in CA3 pyramidal neurons regulate CA1
endritic morphology

e found a selective reduction in dendrite length and
ranch number in CA1 pyramidal neurons of stressed
on-mutant mice, which is consistent with previous reports
Lambert et al., 1998; McEwen, 2001). Notably, stress-
nduced atrophy in the mutant mice was totally absent in
A1. This lack of dendritic retraction in CA1 pyramidal
eurons could be explained by the same mechanism we

spent less time in open arms (top row) of the elevated plus maze but
B) During 30 min of open field exploration, chronic stress did not affect
ssed mice
m row). (
ubjected to CIS showed higher overall activity levels during the test
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ropose for CA3 as described above, that is diminished
lutamate release in the Schaeffer collateral projections
rom CA3 pyramidal neurons to CA1 neurons in mutant
ice (Fig. 9). Supporting this idea, in vivo unit recording

rom the CA1 region of the same mutant mice revealed a
eduction of feed-forward inhibition from CA3 pyramidal
ells to CA1 interneurons. Nonetheless, overall mean firing
ates of CA1 pyramidal neurons are normal, suggesting a
oncomitant decrease in excitatory inputs from CA3 to
A1 pyramidal neurons in the mutants (Nakazawa et al.,
002). This may explain the lack of CIS-induced dendritic
etraction of the mutant CA1 pyramidal neurons. Interest-
ngly, the same mutant mice used in the present study are

uch more vulnerable to kainic acid-induced excitotoxicity
n area CA1 (Jinde et al., 2009). Thus, it appears that
lthough glutamate release is necessary for eliciting den-
ritic retraction, the retraction may not be the detrimental
onsequence of an excitotoxic effect. For instance, ibo-
enic acid-induced excitotoxic damage is enhanced in the
A3 region in rats given 21 days of chronic restraint stress
ompared with unstressed rats (Conrad et al., 2004),
hich only demonstrates that stress may increase the
ulnerability to neuronal insult. The functional significance
f the dendritic remodeling in terms of absolute impact on
ippocampal processing has remained elusive. The data
f our mutant mice showing a clear dissociation between

ncreased vulnerability to excitotoxicity (Jinde et al., 2009)
nd dendritic remodeling in CA1 in the present study sug-
est that the dendritic retraction is fundamentally compen-
atory, rather than detrimental, in terms of maintaining a
omeostatic balance in the local hippocampal circuitry.

orphological impacts of stress on ventral vs.
orsal CA3

e hypothesized that there may be heterogeneity in

ig. 8. Behavioral effects of chronic stress did differ between genotype
s shown by a relative increase in exploration of the novel arm during
ice showed a significantly decreased level of conditioned freezing
cquisition but contextual discrimination 24 h later was intact in both
tress-induced changes in the hippocampus because neu- p
ons projecting to stress-responsive regions such as the
mygdala, prefrontal cortex, and hypothalamus arise al-
ost exclusively from the ventral hippocampus (Swanson,
981; Cenquizca and Swanson, 2006; Ishikawa and Na-
amura, 2006; Ulrich-Lai and Herman, 2009). It is there-
ore plausible that hippocampal-mediated influences on
he HPA axis might preferentially arise from changes in the
entral region. During our analyses of Golgi-impregnated
eurons in both the dorsal and ventral hippocampus, we
id observe a dramatic region-dependent difference in the
ellular morphology of CA3 neurons that was independent
f whether the animals had been subjected to chronic
tress, a finding that has not been previously reported.
aive pyramidal neurons in ventral CA3 had reduced den-
ritic complexity and less extensive processes. While the
resent study did not address the functional implications of
his morphological heterogeneity along the longitudinal
xis, it does suggest that this may be a relevant dimension
o explore in future investigations of the mechanisms un-
erlying intrahippocampal processing. We did find a rela-
ively more pronounced reduction in overall dendritic ma-
erial in the ventral region of CA3 indicating that this region
hows a similar vulnerability to the effects of chronic
tress.

issociation between behavioral and cellular
onsequences of chronic stress

ognitive deficits associated with chronic stress are
ell-documented and hypothesized to result, at least in
art, from compromised integrity of the hippocampus
McLaughlin et al., 2009). However, the literature is mixed
egarding chronic glucocorticoid actions on hippocampal
earning and memory. Based on this conflicting evidence,
n alternative hypothesis has also been recognized sug-
esting that the atrophy observed in the dendrites of hip-

-maze (A), spatial working memory was enhanced in the non-mutants
t-stress test. During contextual fear conditioning (B), stressed Mutant
e last minute of the training session (top row), suggesting impaired
nd Mutant groups (bottom row). * P�.05; mean�SEM.
s. In the Y
the pos
ocampal neurons may be a compensatory response to
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rotect the hippocampus from further damage (Ohl and
uchs, 1999; McEwen, 2001; Bartolomucci et al., 2002; de
uervain et al., 2009). In this view, a reduction in dendritic

ength may actually preserve function and confer behav-
oral resistance to stress by minimizing the more severe
isk of neurodegeneration. As discussed above, the
resent morphology study together with our recent study
Jinde et al., 2009) suggested a compensatory role of CA3
endritic retraction in modulating hippocampal function. If
A3 dendritic remodeling is primarily compensatory, then
utant mice would be predicted to be more severely af-

ected by exposure to chronic stress. Thus, we opted to
est this hypothesis using versions of two tasks that have
een shown to be sensitive to chronic stress manipulation
Conrad et al., 1996; Kim and Diamond, 2002).

Unexpectedly, our behavioral results suggest that den-
ritic remodeling of hippocampal neurons has only a mar-
inal effect on stress-induced behavioral phenotypes.
yperlocomotion, anxiety-like behavior, spatial memory
nhancement and contextual discrimination were all indis-

ig. 9. Simplified model depicting how CA3 NMDARs may mediate
tress-induced restructuring in both CA3 and CA1 subregions of the
ippocampus. Recurrent connections within CA3 are targeted to more
istal dendritic regions that are the site of the most dense distribution
f NMDARs. A decrease in CA3 activity resulting from NMDAR abla-

ion would have a feedforward effect in reducing the excitatory drive to
A1 pyramidal neurons. Although mossy fiber excitatory input remains

he same in the mutant and non-mutant mice (Control), the cumulative
xcitatory input is the determinant of the cellular susceptibility to
tress. A reduction in net excitatory drive from either a decrease in
ecurrent activity (as in our mutant mice) or from fewer thorny excres-
ences (as in the long-shaft neurons) results in a protective effect
gainst morphological changes. LS, long-shaft neuron; SS, short-shaft
euron.
inguishable between the mutant and non-mutant groups
xposed to chronic stress. Taken together with our results
rom the morphological analysis showing that a CA3-specific
MDAR deletion prevents stress-induced atrophy, we re-
ealed a dissociation between behavioral and cellular con-
equences of chronic stress. It is puzzling why both mu-
ants and controls displayed similar stress-induced behav-
oral outcomes. However, we only tested a subset of
ehaviors that are expected to rely upon the hippocampus
r be affected by stress. It is entirely possible that chal-

enging the mice with more complex tasks would reveal
elective behavioral deficits in the non-mutant mice. In
articular, the extensive training required in incrementally

earned tasks, such as the Morris water maze, would allow
or a more detailed analysis of acquisition rates over time.
n addition, the capacity for behavioral flexibility could be
ested, which was not explicitly examined in the one-trial
earning protocols used in this study. Although manipula-
ions of the CA3 region can affect performance in rapid
cquisition tasks, the differential effects on morphology we
bserve in CA1 could be predicted to have an impact on
ore general forms of hippocampal processing involving a
roader range of behavioral challenges. Appetitive tasks
hat rely on motivated behavior or instrumental tasks that
equire the animal to make a response could also reveal
ovel deficits in the control mice, although it would be
ifficult to interpret these data due to nonspecific physio-

ogical effects of stress that might obscure an impairment
n the hippocampal contribution to learning. It is also pos-
ible that extending the exposure time to the stressor
ould eventually lead to a phenotypic divergence between

he mutant and non-mutant animals in learned behavior.
onetheless, it is clear that there is not a simple corre-
pondence between hippocampal cellular morphology in
his exceptionally vulnerable region and stress-related
hanges in physiological status or behavioral performance

n the hippocampal-dependent tasks that we assessed.
iven that other corticolimbic structures such as basolat-
ral amygdala and prefrontal cortex show stress-induced
hanges (e.g., Vyas et al., 2002; Cook and Wellman, 2004)
nd contribute to many hippocampal-dependent behav-

ors, perhaps changes in these structures contributed to
he stress-induced alterations in the behaviors we as-
essed. The dissociation we report between cellular struc-
ure and systems-level function may raise important ques-
ions about the link between this neural hallmark of chronic
tress and its regulation of intra- and extra-hippocampal
eficits.
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